ABSTRACT: Soil-feeding termites transport soil for mound building, and this process can affect soil characteristics. To verify the influence of soil termite activity on soil characteristics, samples were collected from top, bottom and center of termite mounds, and of the adjacent area, to assess chemical and physical properties and mineralogical composition. Four replicates of termite mounds and respective adjacent areas were randomly sampled in Lages, Capão Alto, Painel, São José do Cerrito and Coxilha Rica (State of Santa Catarina, southern Brazil). Results of chemical analyses showed a greater content of K, P, Ca, Mg and organic C in the inner part of termite mounds, accompanied by lower pH in relation to soil of the adjacent area. There were no differences regarding clay mineral composition between termite mounds and adjacent soil, however the proportion of sand and clay differed between them. It is concluded that termites modify soil characteristics due to great volume of soil transported per ascensum for mound construction (varying from 20.9 m 3 ha -1 to 136.6 m 3 ha -1 , in this study) which promotes a strong pedo-bioperturbation and affects nutrient cycling and soil physical properties. Key words: chemical and physical soil properties, clay minerals, soil biology, termite mounds
INTRODUCTION
Termites are social insects of the order Isoptera with about 3,000 known species, of which 75% are classified as soil-feeding termites. The diet of soil-feeding termites consists of no-cellular organic material mixed with clay minerals. Their gut is formed by five compartments that present rising gradients of pH, up to 12.5, and different status of oxygen and hydrogen (Brune et al., 1995; Brune & Kühl, 1996; Donovan et al., 2001; Eggleton & Tayasu, 2001 ). These characteristics are certainly important and may effectively contribute to mound soil chemical and physical characteristics.
Termites are recognized as "ecosystem engineers" (Dangerfield et al., 1998) because they promote soil transformations by disturbance processes. They collect particles from different soil depths and deposit them in mounds, so that contents of organic C, clay and nutrients, pH and microbial population increase higher in termite mounds in relation to adjacent soils (Lal, 1988; Black & Okwakol, 1997; Holt, 1998; Ohkuma, 2003) . The accumulated material is later redistributed by erosion causing changes in soil microstructure and fertility (Lee & Wood, 1971; Black & Okwakol, 1997; Dangerfield et al., 1998; Jungerius et al., 1999; Shaefer, 2001) . Termites also build a vast network of galleries that increase soil porosity and water infiltration (Mando & Stroosnijder, 1999; Leónard & Rajot, 2001 ) and these galleries may be filled up with topsoil after rainfalls, contributing to the process of formation of latosols (Shaefer, 2001) .
Clay content in termite mounds is usually 20% higher than in nearby soils, but it is not known whether termites select particles or soil undergoes a physical fractioning through the gut, or 2:1 clay minerals are modified to more expansible forms (Lee & Wood, 1971; Donovan et al., 2001; Jouquet et al., 2002a; 2002b) . It is possible that clay minerals are altered as soil particles are carried in their mouths or in their gut.
This study is a contribution to assess termite activity and understand its effects on soil clay mineralogy, chemical and physical attributes of different soils under natural grasslands in southern Brazil.
MATERIAL AND METHODS
Samples were taken at five locations in the Santa Catarina State, southern Brazil in September 2001. Location, altitude and major soil group (FAO, 1988) of the sites are: (i) Lages: 27º48'S, 50º19'W; 937 m, Cambisol; (ii) Capão Alto: 27º56'S, 50º30'W; 1022 m, Nitisol; (iii) Painel: 27º55'S, 50º 06'W; 1140 m, Nitisol; (iv) São José do Cerrito: 27º40'S, 50º34'W; 879 m, Nitisol; (v) Coxilha Rica (municipality of Lages): 1200 m, Cambisol. One of the areas (Lages, (i)) was weed-infested by Eragrostis spp. The average rainfall in the region is 1,400 mm yr -1 . According to Köppen's classification the climate is type Cfb. The annual average temperature in the region varies between 10ºC and 16ºC (Santa Catarina, 1986) . The vegetation is characterized by natural grassland and the areas have been used for grazing for at least three decades. In each location, four soil termite mounds were randomly chosen and samples were collected with an auger from the center, top and bottom of the nest. In many cases, mound walls had to be broken with hammer due to the hardness of the mound. Two additional samples were collected with an auger, 1.5 m distant from opposite sides of the mound. The soil samples were dried at 60 o C for 48 hours, ground and sieved (2 mm). Termites were hand-collected from samples and some individuals were kept in 80% alcohol. The termite species from Capão Alto were Grigiotermes bequaerti and Termes saltans; from Painel were Cornitermes cumulans and Cortaritermes fulviceps, and from Lages were Neocapritermes opacus, Cortaritermes fuviceps and Cornitermes cumulans. The species from Coxilha Rica and São José do Cerrito were not identified. The presence of different species does not affect conclusions because all species feed on organic matter available in the soil and use soil particles for mound building.
Calcium, Mg, P, K, organic C, pH in water and SMP analyses were made according to the methods described by Tedesco et al. (1985) . Determination of particle size distribution was achieved as described in EMBRAPA (1979) . Clay fraction samples were analyzed by X-Ray Diffraction for identification and differentiation of clay minerals in the samples according to Whittig & Allardice (1986) .
As parameter for termite activity, the volume of soil transported (m 3 ha -1 ) was estimated with the equation
, where R (m) is radius of mound and h (m) is height of mound. The number of mounds per hectare was estimated counting the termite mounds in activity in a 0.5 ha area.
Analysis of variance was made using the PROG GLM, SAS 6.12 (SAS, 1999) . The comparisons at 95% significance were also made with the Duncan test. The data on the volume of transported soil by termites was submitted to a descriptive analysis using the box plot option.
RESULTS AND DISCUSSION
Most of the areas of natural grassland in southern Brazil were developed on acid soils, with high levels of exchangeable Al and that have never been managed to improve soil quality and thus, soil productivity has to be maintained only through biological interference. The grazing habits of some termites could contribute for nutrient cycling, at the same time other termite groups (soil-feeding termites) could affect soil physical properties. In this study, contents of P, K, Ca, Mg and organic C were higher in the centre of mounds than in the adjacent soil (Table 1) , but top and bottom of termite mound presented no difference in relation to adjacent soil. For example, organic C was more than four-times-fold in the centre of nest than in the top, bottom and adjacent soil, though the nutrient levels varied according to the soil of each area. These results agree with findings elsewhere (Lee & Wood, 1971; Watson, 1975; Sheikh & Kayani, 1982; Black & Okwakol, 1997; López-Hernández, 2001 ). Differences in pH (SMP), but not in water, were found in top of nest of mounds in some areas such as in Capão Alto and Painel. This fact is relevant because soil fertility of the surrounding soil may be increased when rainfalls erode the mounds and spread nutrients on soil surface (Lee & Wood, 1971; Dangerfield et al., 1998) especially when nests are abandoned. To date, a shifting of plant composition around the termite mounds has been reported in Africa due to the soil fertilization by termite activity (Dangerfield et al., 1998) .
Clay content is higher in termite mounds than in the adjacent soil, probably, due to their preference for finer soil particles as a cementing material for constructing their nests (Lee & Wood, 1971; Donovan et al., 2001) . However, in this study, no differences were found in clay content among adjacent soil, bottom and top of mound (Table 2) , but a lower content was observed in the centre of mound, where sand content was higher (areas of Lages, Capão Alto and Painel). Probably, higher sand content provides better conditions for draining and controlling humidity and aeration in the centre of nest in the clayey soils.
Pioneer studies demonstrated some modifications in soil texture or clay minerals by the action of termites (Donovan et al., 2001; Jouquet et al., 2002b) . Soil particles probably undergo modifications through the gut because of the extremely alkaline pH, reaching values up to 12 (Brune & Kühl, 1996; Brauman, 2000; Ohkuma, 2003) and for this reason, P may be released from the Al and Fe-P forms in soils (Shaefer, 2001) , humic composts in the soil matrix may be dissociated by an alkaline incubation or microorganisms may be digested (Brune & Kühl, 1996; Ji et al., 2000) . However, although the role of an alkaline environment in the termite gut is still unclear, there is strong evidence that the high pH is related to potassium transport and a detailed mechanism commanded by K + ATPase, resulting K 2 CO 3 accumulation (Brune & Kühl, 1996) .
Micas form vermiculite (or smectite) by weathering, releasing K + and replacing other exchangeable cations, mainly Ca +2 and Mg +2 (Schulze, 2002) . Following this reasoning, it could be speculated that 2:1 clay minerals, rich in K + , would be modified during the construction of termite mounds because of K + extraction from clay minerals by a biological metabolism of soil-feeding termites, by which free charges would be neutralized with cations from organic matter, such as Al +3 , very abundant in most soils of south Brazil.
Expressive differences in quality and quantity of clay minerals among samples from adjacent soil, top, centre and bottom of termite mounds were, however, not observed. Illustrative examples for the mineralogy of soil derived from sedimentary and basaltic rocks are given in figures 1 and 2, respectively. In Lages, where Cambisols are derived from siltites, clay (Figure 1 ). There were no significant variations in clay mineral compositions in samples from adjacent soil, centre and bottom of termite mound. The asymmetry of kaolinite peaks in direction to lower angles 2θ indicates that kaolinites have interstratifications of 2:1 layers in small proportions. In Painel, where soils are derived from basaltic rock, the mineralogical composition was also similar among soil samples of centre and bottom of termite mounds and adjacent soil (Figure 2 ). Kaolinite was also the dominant clay mineral (peaks of 0.723 and 0.355 ηm), but differently from the soils decomposed from siltites of Lages, the presence of 2:1 clay minerals (HIVpeaks of 1.417 ηm) was less with no presence of illite. Peaks around of 0.48 ηm indicated a small amount of Al oxide (gibbsite) and peaks of 0.416 ηm a presence of Fe oxide (goethite). The similarity in mineralogical components revealed that the activity of the termites in southern Brazilian soils apparently does not promote qualitative alterations in the clay mineralogy such as those evidenced elsewhere (Jouquet et al., 2002b) . We assume that our results were due to the high stability of the clay minerals present in these soils, predominantly composed by kaolinite and HIV.
Even though termites did not affect soil mineralogical composition by altering phyllosilicates, it cannot be disregarded that termites can continuously modify other morpho-physical and pedogenetic characteristics, improving soil quality especially because of bioturbation and gallery constructions. In this study, termite activity was associated with the volume of soil transported by termites in five different locations. The total volume of soil transported varied in average from 20.9 m 3 ha -1 in Coxilha Rica to 136.6 m 3 ha -1 in Painel and the volume of soil transported to above the level of surface oscillated from 8.11 m 3 ha -1 in Coxilha Rica to 63.3 m 3 ha -1 in Painel (Figure 3 ). The intensity of this activity was associated to the amount of termite mounds, which was estimated in 300 mounds per ha in Lages, 270 in Capão Alto, 518 in Painel, 360 in Coxilha Rica and 315 in São José do Cerrito ( Figure  3 ). On the basis of these numbers, it is suggested that effects on soil properties are very important as long as the population and activity of termites are not affected by intensive soil use (Miklós, 1993 (Miklós, , 1995 Black & Okwakol, 1997; Jones et al., 2003) . 
